The human fungal pathogen Candida albicans can undergo a morphological transition from a unicellular yeast growth form to a multicellular hyphal growth form. During hyphal growth, cell division is asymmetric. Only the apical cell divides, whereas subapical cells remain in G 1 , and cell surface growth is highly restricted to the tip of the apical cell. Hgc1, a hypha-specific, G 1 cyclin-like protein, is essential for hyphal development. Here, we report, using indirect immunofluorescence, that Hgc1 is preferentially localized to the dividing apical cells of hyphae. Hgc1 protein is rapidly degraded in a cell cycle-independent manner, and the protein turnover likely occurs in both the apical and the subapical cells of hyphae. In addition to rapid protein turnover, the HGC1 transcript is also dynamically regulated during cell cycle progression in hyphal growth. It is induced upon germ tube formation in early G 1 ; the transcript level is reduced during the G 1 /S transition and peaks again around the G 2 /M phase in the subsequent cell cycles. Transcription from the HGC1 promoter is essential for its apical cell localization, as Hgc1 no longer exhibits preferential apical localization when expressed under the MAL2 promoter. Using fluorescence in situ hybridization, the HGC1 transcript is detected only in the apical cells of hyphae, suggesting that HGC1 is transcribed in the apical cell. Therefore, the preferential localization of Hgc1 to the apical cells of hyphae results from the dynamic temporal and spatial control of HGC1 expression.
Asymmetric cell division and distribution of cell fate determinants are conserved mechanisms for generating cell diversity during development, ranging from unicellular bacteria and yeast to multicellular plants and animals. They are the primary mechanisms used by neuronal progenitor cells to generate neuronal diversity in Drosophila (43, 55) . The asymmetric distribution of cell fate determinants also generates the different fates between mother and daughter cells in the yeast Saccharomyces cerevisiae for mating type switching in mother cells (10, 47) and degradation of cell wall material at septa by daughter cells (16) . The development of swarmer and stalked cells in bacterial Caulobacter crescentus depends on asymmetric expression/localization of key developmental regulators and asymmetric cell division as well (19) . Asymmetric cell division also happens during hyphal growth in Candida albicans, one of the most frequently isolated opportunistic fungal pathogens of humans. C. albicans can undergo a switch from a unicellular yeast growth form to a multicellular hyphal growth form in response to various environmental signals, and the unique ability of C. albicans to switch from yeast to hyphal growth is inherent to its pathogenicity (53) . During hyphal growth, cell surface growth is highly restricted to the tip of the germ tube and of the apical cell, generating thin and long hyphal filaments with parallel sides along its entire length (50) . Cell division is asymmetric; only the apical cell divides, whereas subapical cells often remain in G 1 . Cytokinesis occurs in the absence of cell separation, and cells remain attached after each cell division, producing linear filaments of elongated cells with no constrictions at the septal junctions. In addition, hyphal tip cells are vacuole poor and cytosol rich compared to the rest of the hyphal cells (6) .
Multiple signaling pathways participate in the regulation of hyphal development and the expression of hypha-specific genes in response to different signals (53) . Among them, the cyclic AMP/protein kinase A pathway plays a major role, as many mutants of the pathway are defective in hyphal development. A key component of the pathway is the adenylate cyclase Cdc35, which is essential for hyphal development (44) . The cyclase activity is regulated by two G proteins, Ras1 and Gpa2, in C. albicans (21, 22, 38, 41, 45) . Two transcription factors, Efg1 and Flo8, function downstream of the cyclic AMP-dependent protein kinase A pathway and are both essential for hyphal development and the induction of hypha-specific genes in response to a range of environmental signals (12, 34, 49) . Another transcription factor, Tec1, whose expression requires Efg1 (30) , is also necessary for hyphal development (46) .
The cell cycle has been shown to play a role in hyphal development in C. albicans. Three G 1 cyclins (Ccn1, Cln3, and Hgc1) and two B-type cyclins (Clb2 and Clb4) have been characterized for the cell division kinase Cdc28 in C. albicans. Ccn1, similar to Cln1/Cln2 of S. cerevisiae in its protein sequence and the timing of its expression at the G 1 /S transition, is not required for germ tube formation but is required for maintaining hyphal growth (35) . Hgc1, homologous to Cln1/Cln2 of S. cerevisiae in its sequence and expressed specifically in hyphae, is required for hyphal morphogenesis (56) . Repression of the CLN3 homolog, an essential gene in C. albicans, leads to hyphal growth under certain growth conditions (4, 13) . Clb2 and Clb4, peaking at the G 2 /M transition, are negative regulators of polarized growth in C. albicans (9) . Sol1, an inhibitor of the mitotic cyclin Cdc28 in C. albicans, can induce polarized growth when overexpressed (1) . Repression of the polo-like kinase Cdc5 also induces hyphal growth (3). Cell cycle toxins, such as hydroxyurea (HU) and nocodazole (NOC), cause cell elongation as well (2, 5) . Deletion of the CDC14 phosphatase gene results in impaired true hyphal growth (15) . Recently, repression of Cdc28 has been shown to cause cell elongation and reduce the expression of several transcription factors required for hyphal development, including Efg1, Tec1, and Fkh2 (51) .
HGC1, unlike most hypha-specific genes which encode cell wall proteins and secreted proteases, is the only hypha-specific gene found to be required for hyphal morphogenesis (56) . Its expression in hyphae requires Cdc35, Efg1, Flo8, and Tec1 (8, 12, 56) . In this report, we show that Hgc1 is preferentially localized to the apical cells of hyphae. Not only is the expression of HGC1 hypha specific, but its expression is also cyclic during the cell cycle. Furthermore, the HGC1 transcript is detected only in the apical cells of hyphae, and transcription from its own promoter is essential for Hgc1 localization to the apical cells in hyphae.
MATERIALS AND METHODS
Plasmid construction. The HGC1p-myc-HGC1 plasmid was constructed by first cloning a 2.4-kb HGC1 PCR fragment, using primers P680 (5ЈCGACGCG TATGATAAATATAACTAAACCATTAACT) and P682 (5ЈGGGGTACCCT TTAATGAATCATATTACATAATCG), into the MluI-Kpn1 site of plasmid BP2 (31), a vector derived from BES116 (22) for genomic integration at the ADE2 locus. Then, a PCR product of the 3-kb upstream region of HGC1, using primers P798 (5ЈATAAGAATGCGGCCGCTTAATGCATCAGTTTCTACTG AATAGC) and P801 (5ЈGCGACGCGTGCAGCTGGGCAGATCTGCATTAT TAATATATGTTTATATGTGTATATGTG), was cloned into the NotI-MluI site, displacing the PCK1 promoter. The underlined sequences indicate MluI, PvuII, and BglII sites, respectively, and the ATG is italicized. Finally, a 13-myc PCR fragment from a modular vector designed by Longtine et al. (37) was cut with BamHI and BfaI and cloned into the BglII-PvuII site, downstream of the ATG and upstream of the MluI site.
The HGC1p-myc-HGC1(2T) plasmid was constructed by sequential replacement of the two potential cyclin-dependent-kinase phosphorylation sites Thr477 and Thr641 in Hgc1 with Gly by site-directed mutagenesis with fusion PCRs. The resulting mutant, HGC1 T477G, T641G , was cloned into the MluI-Kpn1 site of the plasmid HGC1p-myc-HGC1, replacing the wild-type copy, and confirmed by ApaI digestion and DNA sequencing.
The MAL2p-myc-HGC1 plasmid was constructed by replacing the HGC1 promoter region (positions Ϫ3000 to Ϫ794 of HGC1) from the plasmid HGC1p-myc-HGC1 with a 550-bp NotI-Xba1 PCR fragment of the MAL2 promoter region. The use of the XbaI restriction site at position Ϫ794 upstream of the HGC1 ATG leaves an approximately 794-bp 5Ј untranslated region in the MAL2p-myc-HGC1 construct.
GALp-myc-HGC1 was constructed by cloning a myc-HGC1 PCR fragment, with primers 5ЈCGGGATCCGCATCAAACCAATACCCAACAC and 5ЈATA AGAATGCGGCCGCTTAATGAATCATATTACATAATCGAG from the HGC1p-myc-HGC1 plasmid, into the BamHI-NotI site of the plasmid pRS316-GAL1 for expression in S. cerevisiae (33) .
All subclones were confirmed by DNA sequencing. C. albicans strain construction. The C. albicans and S. cerevisiae strains used in this study are listed in Table 1 . HGC1 was deleted based on the method of Wilson et al. (54) . Primers P687 (5ЈGGAAATCAAAATTCATAATCAAAGTCTTGCTG AATATGATTTAGACATTTATGATATTATGGTTAATTTGATTGAAACC GTTTTCCCAGTCACGACGTT) and P688 (5ЈTTAATGAATCATATTACATA ATCGAGTTTTAGTATAAATAGGAGAATCATTTTCACTAATAGGTGTAC CACTTGTGGAATTGTGAGCGGATA) were used to amplify C. albicans HIS1 and ARG4 from plasmids pGEM-HIS1 and pRS-ARG4⌬speI (54), respectively. The PCR products were used to transform C. albicans strain BWP17, yielding hgc1/HGC1 heterozygous strains. The heterozygous strains were used for a second round of transformation, yielding an hgc1 homozygous deletion strain, HLY3435 ( Table 1 ). The replacement of each HGC1 gene with a selectable marker was determined by PCR with primers P689 (5ЈCTTCCATACAAGAAGAGTCC) and P690 (5ЈGGATACTTTCCAGTAGTGTA).
A C. albicans grr1 mutant was generated according to the method of Noble et al. (42) . The same primers, universal primers 2 and 5, were used to amplify internal deletion sequences of C. dubliniensis HIS1 and C. maltosa LEU2 from plasmids pSN52 and pSN40 (42) , respectively. GRR1 primers 1 (5ЈCAGTATCAACTGACA ATACTTTG) and 3 (5ЈcacggcgcgcctagcagcggGAGTTATGAATAATCTTGAGT TTG) and GRR1 primers 4 (5ЈgtcagcggccgcatccctgcGTGATAACAATTGCTGAT TGAAT) and 6 (5ЈTATAGCACCTTCGCACTCGT) were used to amplify flanking sequences (sequences in lowercase are complementary to plasmid sequences for fusion PCR). The fusion PCR products were transformed sequentially into strain SN148 (42) to generate the grr1 deletion mutant HLY3586. The homozygous deletion was confirmed with upstream (5ЈCGTAATCAATCTCACACCGC) and down- HYL3443 was a transformant of HLY3435 with an AscI-digested BES116 vector (22) .
HLY3579 (myc-HGC1enh) was obtained as a transformant with enhanced and inducible hyphae by transforming HLY3435 with an AscI-digested HGC1p-myc-HGC1(2T) plasmid. Although the construct contains two point mutations at potential cyclin-dependent-kinase phosphorylation sites of Hgc1, the mutations do not contribute to the enhanced filamentation phenotype of HLY3579, as other transformants of this plasmid did not exhibit an enhanced filamentation phenotype. In addition, the two mutations do not change Hgc1 stability when cloned under the MAL2 promoter (our unpublished data).
HLY3587 is a transformant of HLY3586 with AscI-digested MAL2p-myc-HGC1.
Indirect immunofluorescence. C. albicans cells were fixed by incubation in 3.7% formaldehyde for 45 min. Once fixed, samples were incubated in 2.5 g/ml Zymolyase 100-T (Seikagaku, Tokyo, Japan) in 1.2 M sorbitol, pH 7.5, for 45 min to 1 h to fully digest the cell wall. Cells were then attached to poly-lysine-coated 12-well slides (Erie Scientific). Slides were incubated in 9E10 antibody (Covance) diluted 1:500 in phosphate-buffered saline plus 1% Tween plus 10 mg/ml bovine serum albumin (PBST) overnight at 4°C. Slides were washed in PBST three times and incubated for 2 h in fluorescein isothiocyanate (FITC)-labeled anti-mouse antibodies (Jackson Laboratory) diluted 1:500 in PBST. Samples were again washed with PBST and mounted with Prolong Gold antifade reagent (Invitrogen). A Zeiss Axioplan 2 microscope with a 100ϫ objective and a digital camera were used for all image acquisition. To maintain relative intensity, myc-tagged and untagged images were captured with the same exposure time on the scope, and images were processed identically with Adobe Photoshop software.
Promoter shutdown assays. C. albicans strains containing myc-Hgc1 under the regulation of the MAL2 promoter were grown in yeast extract-peptone plus 2% maltose (YPM) to early log phase to induce the expression of myc-Hgc1. Where indicated, 50 M nocodazole or 200 mM hydroxyurea was added until the cells were arrested in G 2 /M or S phase, respectively. Glucose (2%) was added to shut off the promoter, and aliquots were collected after the times indicated. MycHgc1 protein levels were analyzed via Western blotting. Myc-Hgc1 was detected on Western blots by using a horseradish peroxidase-conjugated anti-myc antibody (Roche).
S. cerevisiae strains harboring a plasmid with myc-Hgc1 under the regulation of the GAL1 promoter were grown at 30°C to early log phase in yeast extractpeptone plus 2% raffinose, at which time the expression of myc-Hgc1 from the GAL1 promoter was induced by adding 2% galactose. After 1 h, 2% glucose was added, and aliquots were collected after the times indicated. myc-Hgc1 protein levels were analyzed via Western blotting with a horseradish peroxidase-conjugated anti-myc antibody (Roche). In the case of temperature-sensitive mutants cdc34-3 and cdc23-1, cultures were shifted to the restrictive temperature of 37°C 30 min after the addition of 2% galactose. After an additional 30 min, 2% glucose was added, aliquots were taken, and myc-Hgc1 levels were analyzed via Western blotting.
Northern analysis. Methods for RNA isolation and Northern blot hybridization were as previously described (30 Elutriation. C. albicans G 1 cells were collected using centrifugal elutriation as described previously (25) . Log phase cells were collected by centrifugation from an overnight culture grown in yeast extract-peptone plus 2% raffinose medium at 30°C. The cells were spun down, resuspended in water, and sonicated to resolve clumps before being loaded into a separation chamber spinning at 2,000 rpm in a Beckman JE-5.0 elutriation system. Unbudded G 1 cells were collected, concentrated by centrifugation, and released in prewarmed yeast or hyphal-inducing media. Aliquots were taken for Northern analysis and visualization of chitin rings and nuclear DNA by microscopy as described by Hazan et al. (25) .
Creation and labeling of double-stranded DNA probes against the HGC1 transcript. Cy3-labeled double-stranded DNA probes were generated based on the method of Dernburg et al. (18) . DNA of the HGC1 coding region was amplified via PCR in three parts by using genomic DNA from a wild-type strain. The three fragments were positions 1 to 501, 1 to 1442, and 144 to 2358 of the HGC1 open reading frame and were further digested with ApoI, MseI, and a cocktail of ApoI, AluI, HinfI, and HphI, respectively, to create fragments 50 to 200 bp in length. The 50-to 200-bp probes were combined and then 3Ј labeled with Cy3 dCTP (Amersham Biosciences) by using the TdT terminal transferase reaction (New England Biolabs) for 1 hour.
FISH. Fluorescence in situ hybridization (FISH) on C. albicans cells was adapted from the method used by Long et al. on S. cerevisiae (36) . C. albicans cells were fixed by incubation in 3.7% formaldehyde for 45 min. Once fixed, samples were incubated in 2.5 g/ml Zymolyase 100-T (Seikagaku, Tokyo, Japan) in 1.2 M sorbitol, pH 7.5, for 45 min to 1 h to fully digest the cell wall. Cells were then attached to poly-lysinecoated 12-well slides (Erie Scientific) and dehydrated overnight in 70% ethanol. Slides containing prepared cells were removed from the 70% ethanol and were washed with 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) and 2ϫ SSC-50% formaldehyde. The Cy3-labeled probe was boiled for 5 min to separate the double-stranded DNA. The probe was then hybridized to the HGC1 transcript by incubating the slides at 37°C overnight with 1 ng/ml labeled probe in 2ϫ SSC, 50% formaldehyde, 10% dextran sulfate, and 0.02% bovine serum albumin, with 1 mg/ml calf thymus DNA. After hybridization, the slides were washed with 2ϫ SSC and mounted with Prolong Gold antifade reagent (Invitrogen).
RESULTS
Hgc1 shows enhanced apical cell localization in hyphae. We identified HGC1 as a hypha-specific gene from a genome-wide transcriptional analysis of Efg1-, Flo8-, and Tec1-regulated genes (12; S. Lane and H. Liu, unpublished data), as reported by Zheng et al. (56) . To gain insight into Hgc1 function and regulation, we localized Hgc1 by using indirect immunofluorescence. Hgc1 was tagged with 13-myc at the N terminus, and myc-HGC1 was placed under the control of its own promoter and integrated into the ADE2 locus in a wild-type C. albicans strain named myc-HGC1. The myc-HGC1 fusion was functional, as it was able to rescue the defect in hyphal morphogenesis when transformed into an hgc1 mutant (data not shown). myc-Hgc1 localization during hyphal development was visualized by indirect immunofluorescence using anti-myc antibodies. C. albicans myc-HGC1 cells were grown in Lee's medium at 37°C for hyphal formation. Germ tube formation was observed after 3 h of growth in Lee's medium, and Hgc1 displayed a general staining throughout the entire cell (Fig.  1A. ). The general staining observed was specific to myc-Hgc1, as no background signal was detected in untagged cells under identical treatment and exposure (Fig. 1A) or the myc-HGC1 strain under yeast growth conditions (data not shown). After 6 h of growth in Lee's medium, when germ tubes had developed into hyphae with two cells, myc-Hgc1 was detected primarily in the actively dividing apical cells but not in the subapical cells (Fig. 1A) . To ensure that the lack of signals in the subapical cells was not due to uneven digestion or staining procedure, we routinely included a control strain expressing a myc-tagged nuclear protein. This control strain persistently showed nuclear signals in the apical as well as subapical cells (data not shown), verifying that the absence of detectable mycHgc1 in the subapical cells was not due to technical problems. Our myc-Hgc1 immunofluorescence data suggest that the Hgc1 protein is primarily present in the dividing apical cells and not in subapical G 1 cells.
The apical cell localization of Hgc1 was further confirmed with another myc-HGC1 C. albicans transformant that we obtained (Fig. 1B) . The strain was dimorphic and grew as the yeast form at 25°C in yeast extract-peptone-dextrose (YPD) but readily switched to hyphal growth mode even in YPD at VOL. 6, 2007 HGC1 EXPRESSION AND LOCALIZATION 255 30°C (data not shown). When exposed to hypha-inducing conditions, such as YPD plus 10% serum at 37°C, cells were hyperfilamentous, forming especially long hyphae. We therefore named the strain myc-HGC1enh. In the myc-HGC1enh strain, myc-Hgc1 was under the HGC1 promoter and integrated at the ADE2 locus, and the myc-Hgc1 was the only source of Hgc1 in the strain. Consistent with its phenotype, Northern analysis showed that HGC1 was highly induced in the myc-HGC1enh cells under hyphal growth conditions, and the transcript levels in hyphae in the myc-HGC1enh strain were much higher than those in hyphae in the myc-HGC1 strain (Fig. 1C) . The myc-Hgc1 protein level was also highly induced in the myc-HGC1enh strain under hyphal growth conditions (data not shown). Taking advantage of the highly inducible myc-Hgc1 protein, we visualized myc-Hgc1 localization in the myc-HGC1enh strain via indirect immunofluorescence. As expected, the immunofluorescence signal in the mycHGC1enh cells was much stronger than that in the myc-HGC1 cells and was easily detected by indirect immunofluorescence. Importantly, the myc-Hgc1 signal was strongly detected in the apical cells of hyphae and not detected in the subapical cells (Fig. 1B) . This further solidifies the conclusion that Hgc1 is primarily present in the apical cells of hyphae. Hgc1 is rapidly degraded in both apical and subapical cells, independent of cell cycle regulation. One possible explanation for the apical cell localization of Hgc1 in hyphae is that Hgc1 is preferentially degraded in the G 1 -arrested subapical cells but stable in the dividing apical cells. For example, the anaphase-promoting-complex (APC)-mediated ubiquitination and protein degradation are cell cycle dependent (20) . APC Cdh1 is activated at anaphase, and its activity persists to G 1 . A protein degraded by APC Cdh1 is likely present in the dividing apical cells only because it is degraded in G 1 -arrested subapical cells. To examine whether this could be a mechanism for the asymmetric localization of Hgc1 in the apical cell, we examined Hgc1 stability in C. albicans. myc-HGC1 was cloned under the regulation of the MAL2 promoter and transformed into the BWP17 strain. After the MAL2 promoter was shut off by the addition of glucose, myc-Hgc1 was rapidly degraded under both yeast and hyphal growth conditions ( Fig. 2A and data not shown) . To address the effect of the cell cycle on myc-Hgc1 degradation, we performed promoter shutoff degradation assays on cells arrested in S phase with hydroxyurea and in the G 2 /M phase with nocodazole. After growth in 200 mM HU or 50 M NOC for 3 h, Ͼ90% of the cells were arrested in S or G 2 /M phase, respectively, as examined by DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining/microscopy (data not shown). When arrested in S or G 2 /M phase, myc-Hgc1 was degraded with dynamics similar to those of cycling cells (Fig. 2A) . This suggests that the cell cycle does not have a significant impact on Hgc1 turnover, and therefore, preferential degradation in the subapical G 1 cells is not likely the mechanism for the asymmetric distribution of Hgc1 between apical and subapical cells.
To determine which E2 ubiquitin-conjugating enzyme and E3 ubiquitin ligase are responsible for Hgc1 degradation, we expressed myc-HGC1 in Saccharomyces cerevisiae under the regulation of the GAL1 promoter. After the expression was turned off by the addition of glucose, Hgc1 was degraded rapidly in a wild-type S. cerevisiae strain (Fig. 2B) . We then transformed the pGAL1-myc-HGC1 plasmid into various E2 mutants, including mms2, rad6, ubc4, ubc5, ubc7, ubc8, ubc10, 
FIG. 1. Hgc1 is detected in the apical cells of hyphae via indirect immunofluorescence. (A) myc-HGC1 (HLY3577)
, a strain expressing myc-Hgc1 under the HGC1 promoter, was grown in Lee's media at 37°C for hyphal induction. Cells were fixed at 3 h and 6 h after induction and stained for myc-Hgc1 with 9E10 mouse antibodies and FITC-conjugated secondary antibodies. DNA was stained with DAPI. An untagged control (HLY3588) was included. (B) mycHGC1enh (HLY3579), a strain with enhanced expression of mycHgc1 under the HGC1 promoter, was grown in YPD plus 10% serum at 37°C for 3 h. Cells were then fixed and treated as described above. (C) Northern blot analysis comparing HGC1 transcript levels in the myc-HGC1 and myc-HGC1enh strains. RNA was extracted from both strains after 2 h of growth in YPD at 25°C for yeast growth (Y) and in YPD plus 10% serum at 37°C for hyphal growth (H). Blots were probed with ACT1 as a loading control. DIC, differential interference contrast microscopy. ubc11, ubc12, ubc13, udf2 , and cdc34, and an APC mutant, cdc23. By performing a promoter shutdown assay on these mutants, we found that Hgc1 was completely stabilized in the cdc34 mutant at the restrictive temperature and was degraded in all other E2 mutants examined (data not shown). In particular, Hgc1 degradation was also not affected in the cdc23 mutant at the restrictive temperature. Cdc34 is the E2 that functions together with a Skp1-Cullin-F-box (SCF) complex type of E3. The F-box protein allows for specific substrate recognition. Because S. cerevisiae G 1 cyclins Cln1 and Cln2 are degraded via SCF Grr1 -mediated ubiquitination, we examined the stability of Hgc1 in a grr1 mutant. As in the cdc34 mutant, Hgc1 was completely stabilized in the grr1 mutant. Therefore, Hgc1 degradation requires the SCF Grr1 protein in S. cerevisiae. We then examined whether Grr1 is also required for the degradation of Hgc1 in C. albicans. C. albicans Grr1 has been shown to function in a manner similar to that of S. cerevisiae Grr1 and is responsible for the degradation of Ccn1, Cln3, and Hof1 in C. albicans (11, 32) . We constructed a grr1 deletion mutant and transformed it with the pMAL2-myc-HGC1 construct. After promoter shutoff by the addition of glucose, mycHgc1 was degraded as rapidly in the grr1 mutant as in a wildtype strain ( Fig. 2A) , consistent with a recent report (32) . Since Hgc1 was completely stabilized by the grr1 or cdc34 mutant but not other E2 mutants in S. cerevisiae, and because C. albicans Grr1 is a functional homolog of S. cerevisiae Grr1 (11, 32) , it is possible that the C. albicans SCF Grr1 protein could still mediate the degradation of Hgc1, but in addition to SCF Grr1 , another F-box protein for the SCF complex or a different set of E2 and E3 proteins could also degrade Hgc1 in C. albicans. The former scenario is a possibility, as C. albicans Cdc4 and S. cerevisiae Cdc4 are found to have different specificities for their targets despite the fact that each mediates the degradation of the transcription factor Gcn4 in the respective yeast (1) . The potential Grr1-independent pathway is unlikely to undergo APC-mediated degradation, as myc-Hgc1 was still degraded in the grr1 mutant in the presence of HU or NOC (Fig. 2A) . In addition, Hgc1 was not stabilized in the cdc23 mutant in S. cerevisiae (Fig. 2B) . Our analyses of Hgc1 degradation in both S. cerevisiae and C. albicans suggest that Hgc1 degradation is not controlled by the cell cycle-regulated APC. Therefore, the asymmetric localization of Hgc1 is probably not caused by preferential degradation of Hgc1 in the subapical G 1 cell. The dynamic turnover of Hgc1 during hyphal growth in C. albicans supports the hypothesis that Hgc1 is also rapidly degraded in the apical cells.
HGC1 transcription is dynamic throughout hyphal development and is affected by the cell cycle. Since asymmetric Hgc1 localization is not likely regulated through preferential degradation in the subapical cells, we decided to determine whether HGC1 transcription or mRNA localization is restricted to the apical cells. HGC1 is expressed only in hyphal cells, and its induction is not restricted to a specific cell cycle phase, as HGC1 can be induced from cells treated with HU or NOC (56) . We took a closer look at the level of HGC1 during the induction of germ tubes from synchronized G 1 cells. Wild-type G 1 yeast cells were isolated by centrifugal elutriation methods and released into YPD plus 10% serum at 37°C for hyphal growth. Cells were collected every 10 minutes for Northern analysis of HGC1. The same Northern blot was also probed with CCN1 for the timing of the G 1 /S transition and with CDC28 for a loading control. Cells from each time point were also stained with calcofluor white and DAPI to monitor the progression of the cell cycle. HGC1 expression was detected at all time points after hyphal induction (Fig. 3a) , while no HGC1 expression was detected when elutriated G 1 cells were released into YPD at 30°C for yeast growth (data not shown). This is consistent with the published data that HGC1 transcription is hypha specific (56) . However, we also observed that the HGC1 transcript level displayed dynamic changes with several ups and downs during the time course. A huge initial burst in HGC1 expression was observed within 20 min upon hyphal induction. Then, the HGC1 transcript level fell when the CCN1 transcript level rose around the G 1 /S transition. Later in the time course, the HGC1 transcript level peaked again around the G 2 /M phase and then fell in the subsequent G 1 /S transition ( Fig. 3B  and C) .
To examine whether the initial burst and periodic pattern of HGC1 transcription were cell cycle associated and not coincidental, HGC1 transcription was analyzed during hyphal induction in YPD plus 10% serum at 37°C with asynchronous cells. (Fig. 3D) , similar to the finding that the HGC1 transcript peaks at 10 min upon hyphal induction (8) . Therefore, the initial burst in HGC1 transcription is cell cycle independent. This is consistent with the result that cells arrested in the cell cycle by HU or NOC are able to induce HGC1 expression (56) , but the initial burst of HGC1 transcription was strongest with synchronous G 1 cells (Fig. 3A) . We did not detect any periodic pattern of HGC1 transcription during hyphal induction with asynchronous cells, supporting the fact that the observed periodic HGC1 transcript level during hyphal induction from synchronous G 1 cells was associated with the cell cycle. Our Northern analyses, therefore, suggest that HGC1 transcription is not only hypha specific but also associated with cell cycle progress. Enhanced apical localization of Hgc1 requires transcription from the HGC1 promoter. Because HGC1 transcription is so highly regulated, transcription from the HGC1 promoter may be important for the apical cell localization of Hgc1. To examine this possibility, indirect immunofluorescence against mycHgc1 was carried out to compare the localization of myc-Hgc1 under the control of the HGC1 promoter to that of myc-Hgc1 under the control of the MAL2 promoter. Cells were exposed to Lee's media with maltose as the carbon source at 37°C for 6 h, so hyphae had reached the two-cell-stage of hyphal development. When expressed from the MAL2 promoter, Hgc1 was detected in both the actively dividing apical cell and the G 1 -arrested subapical cell with equal intensity (Fig. 4) . This was not because Hgc1 was overexpressed from the MAL2 promoter, as the level of Hgc1 expression from the MAL2 promoter was comparable to that from the HGC1 promoter in the myc-HGC1 strain and lower than that in the myc-HGC1enh strain (data not shown). Therefore, apical Hgc1 localization is dependent on its transcription from the HGC1 promoter. This demonstrates that enhanced apical localization of Hgc1 is not regulated through differential Hgc1 degradation and suggests that transcription from the HGC1 promoter may be more active in the dividing apical cells than in the subapical cells.
Transcription is detected only in the apical cells of hyphae. The promoter swap experiment suggested that transcription from the HGC1 promoter was primarily in the apical cell. To validate this observation, FISH with FITC-labeled probes was used to directly visualize the HGC1 transcript in hyphae. The myc-HGC1enh strain was used in this experiment because its highly inducible HGC1 transcription gave a readily detectable signal by FISH. Cells were grown in YPD plus 10% serum at 37°C for hyphal induction, fixed, and probed for the HGC1 transcript. A "dot" signal was detected near the nucleus during germ tube development (Fig. 5A) . The signal was specific to the HGC1 transcript, as it was not detected in the same strain in the yeast form (Fig. 5B) or in an hgc1 deletion strain under the same experimental conditions (Fig. 5C) . When hyphae had reached the two-cell stage, the "dot" signal was detected only in the actively dividing apical cell, again near the nucleus, but was not detected in the G 1 -arrested subapical cell. Likewise, in hyphae with three cells, a FISH signal was detected only in the actively dividing apical cell. This provides direct evidence for our previous notion that transcription from the HGC1 promoter is enhanced in the apical cell.
DISCUSSION
We show in this report that the Hgc1 protein displays preferential localization in the actively dividing apical cells of hyphae. Hgc1 protein is rapidly degraded, probably through SCF-mediated ubiquitination. The protein turnover is not under the control of the cell cycle and occurs in both the apical and the subapical cells of hyphae. HGC1 transcription is also dynamically regulated. Not only is HGC1 transcribed specifically in hyphae (56), but we show here that its transcription is also regulated by the cell cycle and low during the G 1 /S transition. Furthermore, the HGC1 transcript is detected, using FISH, only in the dividing apical cells and not in the subapical cells. By replacing the HGC1 promoter with the MAL2 promoter, we demonstrate that the dynamic temporal and spatial regulation of HGC1 transcription is critical for the asymmetric localization of Hgc1 protein to the apical cell during hyphal development.
It has long been appreciated that the apical cells in hyphal filaments are different from subapical cells in many aspects, and the difference in cell division is a major aspect. Only the apical cells undergo cell division; the subapical cells are arrested in G 1 for a period of time until a lateral bud or hypha forms. Cyclins and many cell cycle regulators, whose transcription and protein degradation are tightly regulated during the cell cycle, are likely present only in the dividing apical cells in hyphal filaments. For example, Cdc14p is detected only in the nucleus of the apical cell of the hypha, whereas no signal is detected in any of the G 1 -arrested subapical cells (15) . Here, we show that HGC1 transcription is not only specific to hyphal cells but also regulated during the cell cycle program. Therefore, we speculate that integration of cell cycle regulation with the hyphal signaling pathway may give rise to the transcription of HGC1 in the apical cell.
Another major difference between apical and subapical cells during hyphal development is that much of the active growth happens in the apical cells, and new cell wall growth is highly restricted to the tips of hyphae. The actin cytoskeleton is highly polarized to the tip, where active Cdc42 and other polarity determinant proteins are localized (8, 17, 24, 39, 57) . Active Cdc42 and the actin cytoskeleton not only are essential for hyphal morphogenesis (7, 24, 40, 52) but also play a role in maintaining hypha-associated transcription (8, 24) . Whether active Cdc42 plays a role in keeping the hyphal transcriptional program active in the apical cell remains to be determined.
Two molecular mechanisms for asymmetric distribution or expression of mRNAs between mother and daughter cells have been elucidated in S. cerevisiae. One involves the transport of ASH1 mRNA along actin cables to the apices of daughter cells, where Ash1 protein is translated and imported into the daughter nuclei to repress the expression of the HO endonucleases, preventing mating-type switching in the daughter cells (10, 47) . As in S. cerevisiae, Ash1 is preferentially localized to daughter FIG. 4 . Apical-specific localization of Hgc1 is promoter dependent. myc-Hgc1 localization by indirect immunofluorescence in cells expressing myc-Hgc1 from the HGC1 promoter (HLY3577) and cells expressing myc-Hgc1 from the MAL2 promoter (HLY3578) is shown. Both strains were grown in Lee's medium with 2% maltose as the carbon source for 6 h at 37°C. An untagged control (HLY3588) was included. DIC, differential interference contrast microscopy.
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on September 26, 2017 by guest http://ec.asm.org/ cell nuclei in the yeast form of C. albicans and to the apical cell nuclei in growing hyphae (26) . The fact that the HGC1 transcript is not concentrated to the tips of hyphae indicates that HGC1 mRNA is probably not transported on actin cables to the apical cells. Another mechanism involves the transcription of a group of early-G 1 genes in the daughter cells through Cbk1-and Mob2-dependent activation and localization of Ace2 to the daughter nuclei at the end of mitosis and in early G 1 (16, 27) . A functional homolog of Ace2 in C. albicans is also localized to daughter yeast cells at the end of mitosis (29) . However, Ace2 is localized in the nuclei of both apical and subapical cells in hyphae (29) , and whether its transcriptional activity is limited to the apical cell of a hypha is unclear.
Is the transcription of any other hypha-specific gene restricted or enriched in the apical cell? Transcription from the HWP1 promoter is likely not restricted to the apical cell, as a green fluorescent protein under the control of the HWP1 promoter is expressed equally in the apical and subapical cells of hyphae (48) . Even if the transcription is specific to the apical cell, the protein products will still be present in the subapical cells if the mRNA and/or protein products are stable. Therefore, for cell wall proteins like Hwp1 and Rbt5, they are likely present throughout the hyphal walls of both apical and subapical cells. Since different hypha-specific genes are transcribed with different tempo dynamics (8), we speculate that their transcripts may also differ in spatial distribution. 
